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ABSTRACT 
 The oxygen evolution reaction (OER) is of importance to both electrochemical energy 
conversion and energy storage. Low-cost, non-precious metal electrocatalysts that can withstand 
high operational current densities will likely be the best candidates for meeting the commercial 
needs for a range of OER applications. In addition to electrode composition, the surface 
morphology of gas evolving electrodes can affect their efficiency and performance. In this work, 
we demonstrate the influence of electrochemical aging on the performance of micro- and nanoscale 
textures for the OER. A series of textured Ni electrodes were prepared by rapid, scalable 
techniques, which included the use of bead-blasting. Two distinct approaches to induce the 
formation of the active Ni (oxy)hydroxide phase were conducted by electrochemical aging using 
cyclic voltammetry (CV) methods. The influence of the aging technique was assessed and 
correlated to the performance of these surface textures. Differences in the morphology of these 
textures and their resulting surface areas were estimated using three-dimensional (3D) 
reconstructions obtained from electron microscopy analyses. Focused ion beam (FIB) milling was 
also performed on the bead-blasted electrodes to visualize buried cracks and voids. The potential 
required for the OER at an applied current density of 500 mA/cm2 exhibited a reduction of 0.7 V 
for the electrodes aged by the steady-state treatment. The OER performance of the textured 
electrodes were found to correlate to both the electrode surface morphology and the type of 
electrochemical aging applied to the electrodes.  
 
 
KEYWORDS:  nickel, textured electrodes, oxygen evolution reaction, bead-blasting, 
electrochemical aging, alkaline electrolysis  
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1. INTRODUCTION 
 The oxygen evolution reaction (OER) is a fundamental electrochemical process of 
significance for its applicability to fuel cells,1 metal-air batteries,2 and water electrolyzers.3 Water 
electrolyzers, for example, could assist in the clean production of hydrogen, which could help meet 
demands for energy storage. Excellent materials for commercial, large-scale electrolyzers are low-
cost, non-precious metals that can withstand high operational current densities.4 Nickel-based 
electrocatalysts have relatively low overpotentials towards the OER under alkaline conditions and 
can achieve high current densities.5 Under the applied potentials for the OER, nickel (Ni) can 
undergo electrochemical oxidation to a β-Ni(OH)2 form and further oxidation to the OER active, 
β-NiOOH phase.6 This oxidation from β-Ni(OH)2 to β-NiOOH is often concurrent with a 
rearrangement into layered, sheet-like structures.7-9 This electrochemical oxidation of Ni induces 
a structural rearrangement that can allow for the intercalation of water molecules and possibly 
ionic impurities such as carbonate species.10, 11 Activated Ni electrodes with a stable β-NiOOH 
phase have shown improved efficiency for several electrochemical processes, such as the OER, 
the hydrogen evolution reaction (HER), and the hydrogen oxidation reaction (HOR).7, 12-14  The 
kinetics of the HOR and the HER have been studied experimentally using Ni hydroxide species.13  
The presence of oxide species on the surfaces of the Ni electrodes during the HOR and the HER 
were found to decrease adsorption energies of the hydrogen atoms, which resulted in reduced 
activation energies and faster reaction kinetics.12, 13 Other reports have demonstrated the 
preparation of activated Ni-based electrocatalysts by the inclusion of alkali-metal cations (e.g., K, 
Cs).15 In this prior example, the authors reported the preparation of a relatively thick layer 
containing a NiOOH phase, which formed a three-dimensional (3D) network with nanoscale 
features and intercalated cations through cycling the applied potential under conditions of a mild 
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pH and a high temperature. Improvements to the kinetics of the OER were demonstrated by these 
activated, high surface area, Ni-based electrodes. In general, the relative amount of the β-NiOOH 
phase per a given area of the electrode will dictate its performance for electrocatalytic, gas evolving 
processes such as the HER and the OER. 
 There are numerous methods to synthesize Ni hydroxide electrocatalysts, but achieving 
both the desired chemical and physical properties in scalable quantities can be difficult. Non-
synthetic routes, such as “electrochemical aging”, can induce the formation of the active β-NiOOH 
phase over relatively large electrode areas.15, 16 An aged electrode can exhibit a reduction to the 
overpotential by 60 mV and a 10 fold increase in the rate of the OER.7 This electrochemical aging 
can be conducted by consecutive scanning of the potential using cyclic voltammetry (CV) 
techniques. Repeated scanning of the potential from 0 to 0.6 V (vs Hg/HgO) will initiate the 
processes associated with the conversion of β-Ni(OH)2 to β-NiOOH. This reversible 
transformation can be monitored through the associated anodic and cathodic peaks. With each 
successive CV scan, the anodic and cathodic peaks grow in their intensity, which signifies the 
growth of the active, β-NiOOH phase.17 This growth process continues until reaching a 
thermodynamic equilibrium where the active phase is assumed to be relatively uniform across all 
of the surfaces of the electrode. At this stage, the anodic and cathodic peaks will be stable and no 
longer changing with subsequent CV scans.18, 19 As expected, highly textured electrodes require 
prolonged electrochemical aging relative to planar electrodes surfaces with less electrochemically 
active surface area (Aecsa). It is essential to assess the OER performance of textured electrodes only 
after sufficient electrochemical aging when evaluating these materials for industrial applications. 
 Methods of rapidly producing electrodes with a high Aecsa in a scalable fashion are desired 
by many industries. The commercial application of water electrolysis requires scalable techniques 
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that are capable of preparing large (>10 cm2) working electrodes with a high Aecsa (e.g., a 
roughened texture).20-22 Microscale textures are often more easily prepared over large areas and at 
faster rates than nanoscale textures.23 Although the wetting properties of microscale textures are 
less well-studied, these textures have demonstrated enhanced gas evolution dynamics (e.g., bubble 
nucleation, coalescence, and release events).24-26 In addition, there are only a few reported 
examples that evaluate the efficiency of gas evolution reactions for microstructures prepared over 
large areas.22, 27, 28 Electrodeposition is a widely used technique that can produce microscale 
textures over large areas.20, 29, 30 For example, Ni-based electrodes were prepared by 
electrodeposition techniques to produce cauliflower-like microspheres (10-µm in diameter and 20-
µm in thickness) for the HER.29, 31 These electrodeposited textures exhibited good durability and 
remained active towards the HER in 30 wt % KOH over a period of 3 months.29 Porous 3D Ni 
foams have been prepared by hydrogen bubble templating at high cathodic current densities.32 The 
microscale pores within the 3D foam have typical diameters ranging from 120 to 220 µm. It has 
been proposed in previous work that these relatively large microscale pores can enable a faster 
dissipation of gas bubbles from the electrode surfaces.33 Microscale textures on the surfaces of 
electrodes, if not accomplished by electrodeposition techniques, are typically achieved by post-
processing methods. For example, mechanical roughening by abrasion of electrode surfaces has 
been widely used in the water electrolysis industry.34 Another simple and scalable approach to 
prepare microscale textures on electrodes is bead-blasting. Bead-blasting is an industrial process 
capable of quickly treating large substrates. This process could be used to create textures on 
electrodes composed of earth-abundant materials, such as the first row transition metals (e.g., Ni, 
Fe, Mn, and Co). Microscale textures on these electrodes, prepared by these scalable processes, 
could be useful for a range of gas evolution reactions including the OER. 
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In this work, two distinct approaches to electrochemical aging were compared for their 
influence on the OER activity for a series of textured Ni electrodes. Microscale textures were 
prepared on Ni electrodes by a bead-blasting technique. This technique was chosen as a simple, 
scalable approach to achieve a microscale roughness. Electrodes with nanoscale textures were 
prepared by the electrodeposition of Ni onto planar, polished Ni surfaces. Planar Ni electrodes, 
without any surface texture, were prepared by polishing polycrystalline Ni rods. The effects of 
electrochemical aging under alkaline conditions were correlated to the performance of these 
distinct surface textures towards gas evolution during the OER. Electrochemical aging of each 
type of Ni electrode was conducted by CV methods using either a “limited aging” or a “steady-
state” aging technique. The limited aging technique applied a pre-determined number of CV scans, 
while the steady-state aging technique applied a sufficient number of CV scans to achieve 
stabilization of the β-NiOOH phase. Stabilization of the electrochemically formed β-NiOOH phase 
was indicated by the character of the electrochemical transformations between Ni (II) and Ni (III) 
in the CV profiles. The surface area values (SAf) of the textured surfaces were estimated from 3D 
surface reconstructions obtained by stereo-view imaging using scanning electron microscopy 
(SEM) techniques. Focused ion beam (FIB) milling was also performed on the bead-blasted 
electrodes to visualize voids beneath their surfaces that formed during the texturing process. The 
elemental composition of the bead-blasted surfaces were further analyzed by Auger electron 
spectroscopy (AES). Following the electrochemical aging of the Ni electrodes, their 
electrochemical performance towards the OER was assessed by techniques that included linear 




2. EXPERIMENTAL SECTION  
2.1 Materials and Reagents 
 High purity Ni rods (99.9998%) with a diameter of 6.35 mm were purchased from Sigma 
Aldrich and cut into sections 8 mm in length for use as the working electrodes. Nickel nitrate 
hexahydrate [Ni(NO3)2•6H2O, Sigma Aldrich, 99.999%, CAS no. 13478-00-7], sodium dodecyl 
sulfate (SDS, Sigma Aldrich; ≥98.5%, Lot no. 098K0160), nickel sulfate hexahydrate 
(NiSO4•6H2O Sigma Aldrich, 99.999%, CAS no. 10101-97-0), hydrogen peroxide (H2O2, Fisher 
Scientific, 30% v/v in water, CAS no. 7722-84-1), sulfuric acid (H2SO4, Caledon Chemicals, CAS 
no. 7664-93-9), boric acid (H3BO3, Sigma Aldrich; 99.999% CAS no. 10043-35-3), acetone 
(Fisher Scientific, reagent grade, CAS no. 67-64-1), isopropyl alcohol (IPA, Fisher Chemical, CAS 
no. 67-63-0), nitric acid (HNO3, Anachemia, 70% v/v in water, CAS no. 7697-37-2), and 
hydrochloric acid (HCl, ACP Chemicals, 37% v/v in water, CAS no. 7647-01-0) were all used as 
received from the distributors. Potassium hydroxide pellets (KOH, Semiconductor Grade; 99.99%, 
CAS no. 1310-58-3) were used to prepare the electrolyte, which was treated by a purification 
process (see the Electrochemical Measurements section below for details). All aqueous solutions 
were prepared using high purity water obtained with an in-house filtration system (DI water, 18 
M•cm, Barnstead Nanopure DIamond). Polishing of the Ni electrodes was achieved using a 
Buehler EcoMet 250 equipped with an AutoMet power head. Polishing materials consisted of 30-
μm diameter particles on a polishing disc (Buehler; Diamond Disc, Item no. 415408), and a series 
of cloth discs (Buehler; UltraPad, Item no. 40718) each dedicated for use with different types of 
the diamond pastes (Buehler; MetaDi Supreme Polycrystalline Diamond Suspensions). The 
diamond pastes were mixed with a lubricant (Buehler; MetaDi Fluid, Item no. 406032) to prepare 
a series of suspensions containing the 9, 6, 3, 1, or 0.3-μm diameter particles. The polishing steps 
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were performed in order of a descending particle size with ample rinsing (~10 mL) of the sample 
holder when changing from one polishing medium to another. The final polishing paste was an 
alumina slurry (Al2O3, Allied High Tech; Micropolish 0.05-μm diameter particle suspension) used 
with a ChemoMet polishing pad (Buehler; Item no. 424008). Cleaning of the polished and bead-
blasted materials was conducted by sonicating each substrate in a series of wash solutions. These 
wash solutions were acetone, IPA, and DI water, which were each agitated for 20 min using a 
Branson 1510 sonicator operating at 130 W.  
 
2.2 Preparation of the Ni Working Electrodes 
 The sequence of steps for the preparation of the bead-blasted Ni electrodes involved: (i) 
polishing to achieve consistently smooth surfaces; (ii) cleaning by sonicating the polished 
electrodes; (iii) electrodeposition of a high purity Ni base layer onto the polished surfaces; (iv) 
texturing both the polished and electrodeposited Ni surfaces through a bead-blasting process using 
pressurized glass beads; and (v) a final cleaning of the bead-blasted electrodes using a sonication 
technique. 
 
2.3 Polishing of the Ni Working Electrodes 
 The surfaces of the Ni working electrodes were polished to attain a mirror-like finish 
through a series of steps. Each polishing step had a dedicated cloth and paste. The force applied to 
the polishing head was 2 lb, and the rotational speed of the base and head were 30 and 230 rpm, 
respectively. The same force and rotational speeds were used for each of the steps. These pastes 
had nominal colloidal diameters of 9, 6, 3, 1, 0.3, and 0.05 μm, which were used in order of 
descending size. Between each of the polishing steps the samples were rinsed with DI water to 
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prevent cross-contamination of the pastes.  After the final polishing step, the Ni electrodes were 
removed from the custom holder and rinsed with ~20 mL of DI water. These rinsed electrodes 
were immersed in a separate solution of DI water for 10 min to assist in removing additional 
residue that may have remained from the polishing process. Each of the samples were successively 
sonicated for 20 min in acetone, IPA, and DI water (each at a volume of ~100 mL) to further 
remove polishing residue. After removal of the residual polishing media, the polished Ni stubs 
were used as working electrodes in the electrochemical experiments outlined below. Several of the 
polished Ni working electrodes were also processed to achieve a unique surface roughness through 
the electrodeposition of Ni and/or the bead-blasting of these surfaces.  
 
2.4 Electrodeposition of Ni onto the Polished Ni Electrodes 
 Pre-cleaning of the glassware involved a 20 min soak in piranha followed by a DI water 
rinse. The glassware was soaked for another 20 min in aqua-regia, and rinsed with an excess of DI 
water. (CAUTION! Piranha and aqua-regia are extremely corrosive and care should be taken 
when handling these reagents.) The piranha solution was prepared by combining H2SO4 and 30% 
H2O2 in a 3:1 (v/v) ratio. The aqua regia solution was similarly prepared by combining HCl and 
HNO3 in a 3:1 (v/v) ratio. Clean, dedicated glassware were used to separately prepare both the 
piranha and aqua regia solutions.  
 High purity baths of Ni salts were electroplated onto the polished surfaces of the Ni stubs. 
The Ni plating bath was prepared in a pre-cleaned 250 mL volumetric flask. The plating solution 
contained NiSO4 (1.8 M), H3BO3 (0.2 M), and SDS (3.5 x 10
-4 M) dissolved in DI water. The 
plating bath was stirred at 250 rpm for at least one week prior to carrying out the electroplating 
process to attain a complete dissolution of the reagents. The process of Ni electrodeposition was 
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conducted using a chronoamperometric setup with a three-electrode configuration. A saturated 
calomel reference electrode (SCE), a Pt wire (Alfa Aesar, 99.9%) counter electrode, and a polished 
Ni working electrode were each immersed in the plating solution. The Ni working electrode was 
positioned in a face-down configuration and jacketed within a Teflon® shroud to prevent 
electrodeposition on the sides of the electrode. A constant potential of −1.0 V (vs SCE) was 
maintained for a duration of 10 min while stirring the solution at 870 rpm to aid in the removal of 
H2 bubbles.
35 After the electrodeposition process, the Ni working electrode was removed from the 
solution, rinsed with ~3 to 5 mL of DI water, and dried with a filtered stream of N2 gas (Praxair, 
99.998%). These electrodeposited Ni electrodes were stored in a clean hood (Microzone Fan Filter 
Clean Hood, Model VLF-2-4) until performing the subsequent electrochemical measurements. 
Several of these samples were further processed by bead-blasting to create a textured surface 
finish.  
 
2.5 Bead-Blasting of the Ni Electrodes 
 Bead-blasting was performed on both the electrodeposited Ni and the as-polished Ni 
samples to assess the possible impact of the base material (i.e., electrodeposited or polished Ni) on 
their electrochemical aging and performance. Dry, abrasive bead-blasting was performed using 
both a Kelco pressurized syphon blasting machine (Model CS-36C) and crushed glass (Enviro-
Grit; Stock no. 71106, grit 12/50). Each Ni electrode was treated by bead-blasting for 5 s at a 
direction normal to the Ni surfaces until achieving a frosty, lustrous appearance. The bead-blasted 
surfaces were cleaned under a stream of compressed N2 gas (Praxair; 99.998%) followed by 
sonication in IPA for 20 min. These electrodes were subsequently sonicated in DI water for another 
20 min to remove residual bead-blasting materials from their surfaces. After this cleaning process, 
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the bead-blasted electrodes were stored in covered petri-dishes, which were placed within a clean 
hood until performing the electrochemical measurements.  
 
2.6 Electrochemical Measurements of the Ni Electrodes under an Applied Shear Flow 
 Rotating disk electrode (RDE) measurements were acquired using a Biologic Science 
Instruments SP-150 potentiostat and a Modulated Speed Rotator from Pine Research 
Instrumentation. EC-Lab software was used to record the electrochemical data from the RDE 
measurements. A custom-built, five-neck glass electrochemical cell was setup with a Hg/HgO 
reference electrode (SnowHouse Solutions; Model R-XR400) filled with purified 1 M KOH, a 
graphite counter electrode (Alfa Aesar; 99.9995%, 6.1-mm diameter), and a Ni working electrode. 
All electrochemical measurements were acquired at 25 ± 0.2 oC, maintained using a temperature 
controlled water bath (Thermo Scientific; Precision 280 Series). The high purity 1 M KOH 
electrolyte was purified according to a protocol reported by Klaus et al. and stored in N2 gas 
(Praxair; 99.999%) purged plastic bottles until use.36 The electrolyte was also purged for at least 
30 min prior to the start of any electrochemical measurements, and a headspace of N2 gas was 
maintained throughout the duration of these electrochemical measurements.  
 Two types of processes were used for the electrochemical aging of the Ni electrodes. These 
processes were performed by CV techniques prior to assessing each electrode for the OER. The 
first type of electrochemical aging process is referred to herein as “steady-state aging”, which was 
administered until the anodic peaks overlapped with a variability of at most 10 μA between 10 
consecutive CV scans. Stable anodic peaks in the CV scans indicated that the Ni (oxy)hydroxide 
phase was no longer changing with respect to further changes in the applied potential. The 
performance of these Ni electrodes for the OER were only evaluated after the phases of Ni present 
 12 
on their surfaces had become stable as assessed by the described anodic peak metric. To achieve a 
stable and consistent β-Ni(OH)2/β-NiOOH phase, many more CV scans (i.e., ~7200 scans) were 
required by the electrodes with a larger SAf (i.e., the bead-blasted Ni electrodes). The 
electrodeposited and polished Ni electrodes required ~70 and ~80 CV scans, respectively, to 
achieve the same anodic peak stability. Since this response to the steady-state aging process was 
dramatically different for electrodes with a relatively high SAf in contrast to those with a 
significantly lower SAf, the effects of electrochemical aging were also evaluated using a fixed 
number of CV scans. This second type of electrochemical aging is referred to herein as the “limited 
aging” process. This process was carried out by applying exactly 100 CV scans to each electrode 
regardless of the anodic peak stability prior to obtaining the OER measurements. These two types 
of aging processes were each performed at a scan rate of 100 mV/s, and the applied potential was 
scanned between 0.0 and 0.6 V (vs Hg/HgO).  
 A series of LSV experiments were performed immediately after the electrochemical aging. 
During these LSV experiments each electrode was rotated at a series of set speeds (i.e., 0, 500, 
1000, 2000, 3000, and 7000 rpm). The LSV data was obtained by scanning the potential between 
0 and 1.2 V (vs Hg/HgO) at a scan rate of 1 mV/s. After conducting each LSV experiment at a 
specific rotational speed, the working electrode was rotated at 8000 rpm for a period of 5 s to 
remove O2 bubbles adhered to its surfaces. Prior to the start of each subsequent LSV experiment, 
five consecutive CV scans were performed at a scan rate of 100 mV/s between the potentials of 
0.0 and 0.6 V (vs Hg/HgO). These five CVs were conducted to reform the β-Ni(OH)2 and β-
NiOOH phases.  
 Following the series of LSV measurements, CP was performed for each electrode at a 
current density of 500 mA/cm2. A low and high rotational speed of 500 and 3000 rpm, respectively, 
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were sequentially applied during the CP experiments. Relatively high current densities for CP were 
applied to the samples to mimic industrially relevant conditions, and to evaluate the effects of 
bubble dynamics as a function of surface texture and electrochemical aging on their overall activity 
towards the OER. Chronoamperometry (CA) was also performed on each electrode. The electrodes 
were held at 1.0 V for 7 min during the CA measurements while being rotated at 500, 1000, 2000, 
3000, or 7000 rpm. Directly after each CP and CA experiment (e.g., measurements obtained at one 
rotational speed), the working electrode was rotated at 8000 rpm for 5 s to dislodge O2 bubbles 
from their surfaces. A duration of 7 min was chosen for both the CP and CA experiments since the 
electrochemical response of the samples stabilized within this timeframe. The sampling frequency 
for the CP and CA experiments was set to 0.1 s, and a 50 Hz low pass filter was applied to remove 
external noise from the data.  
 
2.7 Stationary Electrochemical Measurements of the Ni Electrodes 
 The stationary measurements (e.g., without rotation of the working electrode) were 
performed in a custom-built, acrylic electrochemical cell using a purified 1 M KOH electrolyte. 
The electrolyte was purged with N2 gas (Praxair; 99.999%) for 30 min prior to the start of the 
measurements, and a headspace of the same gas was maintained throughout the duration of the 
stationary measurements. The reference and counter electrodes (e.g., Hg/HgO and high purity 
graphite rod, respectively) were consistent with those used for the measurements under the applied 
shear flow (i.e., while rotated). The working Ni electrode was shrouded by a Teflon® holder and 
held in a face-up orientation. Steady-state aging was performed using the same methods described 
above for the RDE study. A slightly lower value for the maximum applied potential was chosen to 
avoid an overlap with the OER region during the aging process for the stationary measurements. 
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This aging was performed by CV techniques while scanning the potential from 0 to 0.55 V (vs 
Hg/HgO). The reason for this adjustment to the upper potential was to avoid the possible 
accumulation of bubbles at the onset of the OER. A steady-state electrochemical aging method 
was chosen to convert all of the additional surface area gained by bead-blasting process into the 
active, β-NiOOH phase. After this aging process, the stabilization of the anodic peak within the 
CV profile indicated that the β-NiOOH phase was no longer changing with further electrochemical 
treatment. Consequently, it was inferred that each of the aged electrodes had the same proportion 
of active layer per the accessible SAf regardless of the electrode morphology.  
 Directly after the steady-state electrochemical aging process, a single LSV experiment was 
performed at a scan rate of 1 mV/s from 0 to 2.0 V (vs Hg/HgO) to probe the dynamics of the 
OER. The CP and CA experiments were each subsequently performed for a duration of 15 min 
while holding the working electrode at either 500 mA/cm2 or 1.5 V (vs Hg/HgO), respectively. A 
higher potential was used for the CA measurement than in the previous RDE measurements to 
probe higher current densities and, therefore, to induce a higher reaction rate for the OER. The 
relatively high current densities and high overpotentials for the OER were probed for their 
relevance to the commercial requirements for this reaction.21  
 
2.8 Characterization of the Surface Features on the Ni Electrodes 
 A series of SEM analyses were performed on the samples using an FEI Helios NanoLab 
650 SEM/FIB dual beam system. The acceleration voltage was held at 2 kV in a secondary electron 
detection (SED) mode for the characterization of the polished Ni samples, and at 10 kV for the 
characterization of all the other Ni samples. The Ni samples were threaded onto custom Al mounts 
to prevent movement while imaging the samples. The surface morphologies were analyzed by 
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obtaining images at a 0° and a 15° tilt of each sample. These images were used to reconstruct a 3D 
representation of the surfaces using MountainsMap® Premium software by Digital Surf (version: 
7.4.8270). A smoothing filter of 5 pixels was used during reconstruction of the stereo-pair images. 
The total area of the reconstructed 3D surfaces was normalized against a 2D projection of the 
region of interest (i.e., the geometric surface area) to obtain a local surface roughness factor (Rf).  
 A focused Ga ion beam (FIB; TomahawkTM ion column) on the Helios SEM system was 
used for milling the samples to reveal cross-sectional features of the bead-blasted electrodes. An 
acceleration voltage of 30 kV was used to perform the FIB milling processes. These cross-sections 
enabled a visualization of buried voids beneath the electrode surfaces, which were generated while 
bead-blasting the Ni electrodes using glass beads.  
 Auger electron spectroscopy (AES) was performed on the cleaned, bead-blasted surfaces 
to assess whether impurities had been incorporated into the Ni surfaces during the bead-blasting 
process. A Kratos Analytical Axis Ultra system was operated in a crossover mode using a field 
emission electron gun. Five separate locations on each bead-blasted Ni electrode were randomly 
selected for analysis at an acceleration voltage of 10 kV and a spot size of 6.4 x 103 µm2. This spot 
size was chosen to survey a relatively large area of the electrode surfaces. Survey scans of the 
samples were acquired from 480 to 900 eV with a resolution of 0.2 eV and a dwell time of 300 
ms.  
 X-ray photoelectron spectroscopy (XPS) was conducted on pristine electrodeposited and 
polished Ni surfaces. A bead-blasted surface was also analyzed directly after the steady-state 
electrochemical aging treatment. This bead-blasted electrode was removed from the 
electrochemical cell and immediately rinsed with DI water (~20 mL) followed by drying under a 
N2 gas stream. The aged sample was quickly placed under high vacuum in the XPS system. These 
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analyses were performed using a Kratos Axis Ultra system. The system contained a 
monochromatic Al Kα source and DLD detector. High resolution scans were performed on the Ni 
2p regions for each sample. All measurements were acquired from 850 to 884 eV with a step size 
of 0.1 eV, a dwell time of 500 ms, and a pass energy of 20 eV. Any peak shifts were corrected to 
the adventitious C 1s peak at 284.8 eV.  
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3. RESULTS AND DISCUSSION 
3.1 Characterization of the Ni Electrode Morphology by Scanning Electron Microscopy 
 A series of Ni electrodes with micro- and nanoscale textures were prepared using scalable 
methods to correlate both surface textures and electrochemical aging techniques to their resulting 
performance towards the OER. To create the microscale textures, two different types of electrode 
surfaces were subjected to bead-blasting. These two types of bead-blasted electrodes are referred 
to as BB-edep and BB-pol, which indicates the presence of either an electrodeposited Ni layer or 
polished bulk Ni surface, respectively, prior to the bead-blasting process. In addition to these two 
types of roughened, bead-blasted Ni surfaces, pristine samples of the electrodeposited Ni and 
polished Ni were also examined for their performance towards the OER. These four types of 
textured electrodes were characterized by SEM to confirm the general surface morphology of each 
type of electrode (Figure 1). The impact of the ~800-µm diameter glass particles during the bead-
blasting process reshaped and increased both the surface area and roughness for the BB-edep and 
BB-pol surfaces. High magnification SEM images of the BB-edep, BB-pol, polished, and 
electrodeposited Ni electrodes are provided in the Supporting Information (SI). The bead-blasting 
process created irregular surfaces with a significant portion of these features exhibiting sharp peaks 
and valleys (Figures 1a and 1b). The electrodeposited and polished Ni substrates contained either 
textured surfaces with a nanoscale roughness or relatively smooth surfaces, respectively. The 
electrodeposited Ni coatings had a root mean square (RMS) roughness of 52 ± 8 nm (Figure 1c). 
The uniformity of the electrodeposited texture was largely dependent on the flux of Ni2+ reactants 
to the electrode surfaces, as well as the surfactants in solution. Stirring of the bath at 250 rpm 
helped to improve the uniformity of the Ni layer through a consistent flux of Ni2+, as well as the 
removal of hydrogen bubbles produced during the electrodeposition process.37 The average grain 
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size of the electrodeposited Ni was ~150 nm. This smaller average grain size resulted in a relatively 
higher density of grains per unit area. In contrast, the polished cross-sections contained microscale 
crystalline grains (Figure 1d). The average diameter of the polished grains were ~8 µm. These 
differences in the grain size of the Ni within each type of electrode, as well as the methods used to 
prepare the electrodes (i.e., bead-blasting, electrodeposition, and polishing) created a series of 
samples each with a distinct surface roughness and SAf. 
 
 
Figure 1. Representative scanning electron microscopy (SEM) images for: (a) electrodeposited Ni 
after bead-blasting (BB-edep); (b) polished Ni after bead-blasting (BB-pol); (c) planar 
electrodeposited Ni; and (d) planar polished Ni.  
 
 The morphology and surface areas of each type of textured electrode was further quantified 
using a 3D reconstruction of their surfaces based on a series of SEM analyses. Eucentric tilts of 
the samples were used to acquire SEM images at angles of 0 o and 15o. MountainsMap® software 
was used to process these stereoscopic images, resulting in the creation of 3D models. An example 
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of a 3D reconstructed view of these electrodes is provided in Figure S4 of the SI. From these 3D 
models, the relative Rf were calculated for each type of Ni electrode. The Rf values were calculated 
by dividing the 3D surface area by the geometric surface area (Ageo). Three independent replicates 
were prepared and separately evaluated for each type of Ni electrode. In addition, three 
measurements of the Rf were obtained from random locations on each of the replicate electrodes 
to achieve an average of nine measurements for each type of electrode. The average values for the 
Rf are reported in Table 1. For example, a Rf of 1.3 ± 0.2 was calculated for both the BB-edep and 
BB-pol, which corresponds to a ~30% increase in Rf when compared to the values for the polished 
Ni electrode. These measurements also indicated that each of the bead-blasted electrodes had 
similar values in terms of both the average Rf and the spread in the measured values. Higher errors 
from the mean Rf values were expected for the bead-blasted surfaces since these morphologies 
have a greater surface roughness relative to both the planar electrodeposited and polished surfaces. 
The average Rf for the bead-blasted electrodes are also likely to be an underestimation of the actual 
increase in surface area due to limitations in the electron microscopy measurements. These 
limitations can result from sample charging, the effects of shadowing, and the influences of 
inherent magnetic fields within the sample. Further limitations to assessing the Rf include the use 
of a 5-point moving average, which was used when creating the 3D models of these roughened 
surfaces. A key factor that contributes to an underestimation of the Rf is the inability of the primary 












aging, avg j  
(mA/cm2) ‡ 
limited aging, avg j  
(mA/cm2) ‡ 
BB-edep    1.3 ± 0.2 89.8 28.6 
BB-pol  1.3 ± 0.2 82.3 32.8 
edep  1.08 ± 0.02 68.1 33.4 
pol  1.0 ± 0.01 60.7 53.2 
* Abbreviations: BB = bead-blasted Ni; edep = electrodeposited Ni; pol = polished Ni. 
† Local surface roughness factor (Rf) represents the reconstructed 3D surface area divided by the 
geometric surface area as determined through 3D reconstruction of SEM analyses using 
MountainsMap® software. The reported errors represent one standard deviation from the 
calculated mean values. 
‡ Average current densities, j, as obtained from the linear sweep voltammetry plots at 1.1 V (vs 
Hg/HgO) under rotation at 7000 rpm.  
 
 The buried surface features within the bead-blasted electrodes were assessed by preparing 
cross-sections using FIB milling techniques. Analyses of these cross-sections by SEM confirmed 
the presence of cracks and buried voids within the outer most layers to a depth of ~5 μm for both 
types of bead-blasted samples. In general, surfaces with a smaller average grain size often have a 
greater material strength when compared to those with larger average grain sizes according to the 
Hall-Petch theory.38, 39 Materials with a smaller grain size should also result in less deformation of 
their surfaces as a result of the bead-blasting process since there are a higher number of grain 
boundaries per unit area. For example, the dislocation of smaller grains during the bead-blasting 
process may be more inhibited since the direction of motion must change more frequently with a 
higher density of grain boundaries.39, 40  Thus, less plasticity during bead-blasting was anticipated 
for the electrodeposited sample due to its smaller grain sizes when compared to the polished Ni. 
This phenomenon was, however, not observed in the cross-sections prepared by FIB milling. There 
were slightly more cracks and buried voids observed in the cross-sections of the BB-edep samples 
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than in the BB-pol samples. A representative cross-section obtained by FIB milling for the BB-
edep sample is shown in Figure 2. Additional images of cross-sections prepared by FIB techniques 
can be found in Figures S5 and S6 in the SI. The higher degree of deformations in the BB-edep 
samples may have resulted from differences in the plasticity between the electrodeposited Ni 
grains and the underlying polished Ni substrate. The presence of cracks and buried voids in both 
the BB-edep and BB-pol samples indicates that there is an additional SAf that is not accounted for 
in these samples relative to the pristine electrodeposited and polished Ni. Consequently, the 
calculated Rf underestimate the SAf for the bead-blasted electrodes.  
 
 
Figure 2. Representative SEM image of a cross-section prepared by focused ion beam (FIB) 
milling of the electrodeposited Ni electrode that was treated by bead-blasting. Secondary electrons 
were detected at a 52o tilt using an Everhart-Thornley detector. 
 
3.2 Elemental Analysis of the Ni Electrodes by Auger Electron Spectroscopy 
 The elemental composition of the BB-edep and BB-pol was investigated by AES to 
determine whether trace impurities were incorporated into the electrodes as a result of the bead-
blasting process. The presence of trace impurities, especially from other first row transition metals, 
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can influence the electrochemical activity of the OER.41 For example, the inclusion of Fe into thin 
films of Ni oxide has been observed to influence the electrochemical performance of the OER, and 
can result in shifts to the peak potentials associated with the oxidative and reductive transformation 
of the β-Ni(OH)2/β-NiOOH species.
42, 43 The silica particles used in the bead-blasting could be a 
source of contamination. Furthermore, any silica particles embedded in the surfaces of the Ni 
electrodes could block active surface area. Surface composition was analyzed by AES since it has 
a lower detection limit (~0.1 atomic %) for first row transition metals relative to XPS techniques.44 
The energy range chosen for the AES analyses (i.e., 480 to 900 eV) was established to include the 
LMM regions of Ni and several other first row transition metals, such as Fe, Mn, and Co.45 Each 
of the nine Ni LMM transitions were identified in the region from 650 to 900 eV for the BB-edep 
and BB-pol electrodes. Five separate locations from each sample were analyzed by high resolution 
AES. No other first row transition metals were detected in the samples. Our analyses did not 
identify the presence of trace impurities within the detection limits of AES. These results suggest 
that impurities are not present in the surfaces, or that potential impurities are present below the 
detection limits of this surface sensitive technique. The results of our electrochemical 
measurements were attributed to the differences observed in the surface textures of the electrodes, 
as well as the inherent electrocatalytic activity of high purity Ni under the tested conditions, and 
the extent of the electrochemical aging.  
 Characterization of the Ni surface oxides and hydroxides was conducted using high 
resolution XPS analyses. Pristine samples of the electrodeposited and polished Ni exhibited a main 
emission peak at 852.6 eV, which indicates the presence of Ni0 for the Ni 2p3/2 region (Figure S9 
in the SI).46 The polished Ni surface resembles more Ni oxide character when compared to the 
electrodeposited surface. The spectrum for the electrodeposited surface has a character that is more 
 23 
similar to that of Ni metal, which was expected since these deposits were formed under reducing 
potentials. In contrast, the Ni rod was prepared by cold extrusion methods. Satellite peaks that 
result from multiplet splitting, shake-up, and plasmon loss structures can cause difficulty in the 
interpretation of the Ni 2p region. Previous work on the quantitative assignment of Ni oxide, 
hydroxide, and (oxy)hydroxide peaks have used the Gupta and Sen multiplet fitting envelopes.46 
These fitting envelopes account for variations in the binding energies associated with these satellite 
peaks. Since the β-NiOOH phase is formed under an applied potential during electrochemical 
aging, we expected that the electrode surface would relax from the β-NiOOH phase to the β-
Ni(OH)2 phase after removal from the electrochemical set-up. As an indirect assessment of the β-
NiOOH phase, the uniformity of the β-Ni(OH)2 phase was inspected directly after steady-state 
electrochemical aging for the BB-pol sample. The XPS data for the aged BB-pol sample exhibits 
a main emission peak at 854.6 eV. This binding energy is assigned to a Ni2+ oxidation state.6, 46, 47 
The absence of a Ni 2p3/2 peak at the lower binding energies indicates that the hydroxide surface 
phase is uniform over the analyzed area (700 µm x 400 µm) and to the mean escape depth of the 
detected photoelectrons (~10 nm).  
  
3.3 Electrochemical Aging by Cyclic Voltammetry Techniques 
 Electrochemical aging of Ni-based electrodes between the Ni (II) and Ni (III) redox states 
can enhance their performance towards the OER.7, 14, 48, 49 The growth of the anodic and cathodic 
peaks with consecutive CV scanning demonstrate an increase in the amount of β-NiOOH on the 
Ni surfaces and consequently an improvement in their activity.16 The potential range of 0 to 0.6 V 
(vs Hg/HgO) was selected to exclude Faradaic current from the OER during the processes 
associated with the electrochemical aging. More pronounced structural deformations on the 
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surfaces of Ni-based electrodes can occur when the electrochemical aging process includes more 
oxidizing potentials.14, 15, 24 Minimal structural changes were observed for the electrochemically 
aged electrodes as indicated by the SEM measurements (Figure S10 in the SI). A relatively fast 
scan rate (i.e., 100 mV/s) was selected for the electrochemical aging since the high repetition of 
the potential scanning by CV was essential to attain the improved OER performance. The use of a 
slower CV scan rate was found to be ineffective at obtaining a steady-state response within a 
reasonable period (e.g., less than 48 h) during the electrochemical aging. Two types of 
electrochemical aging, a steady-state and a limited aging process, were evaluated for their 
influence on the OER as a function of the distinct micro- and nanoscale textures of the Ni 
electrodes.  
 
3.4 Steady-State Electrochemical Aging 
 To achieve a high electrocatalytic activity for the OER, it is desired that the β-NiOOH 
phase form a continuous layer over the surfaces of the Ni electrodes. This process of achieving a 
stable, electrochemically derived active state for each sample was referred to as the “steady-state 
aging” process. The samples were determined to have achieved the desired behavior when the 
anodic peaks at ~0.42 and ~0.48 V (vs Hg/HgO) exhibited minimal changes between at least ten 
consecutive CV scans for the planar and bead-blasted electrodes, respectively. Specifically, when 
this peak stabilized within ± 10 µA and did not exhibit further shifts in the peak potential (e.g., ± 
1 mV) with successive CV scans, it was assumed that the electrode was in a pseudo-stable steady-
state. These conditions implied that the amount of β-NiOOH present on the surfaces of the 
electrodes was no longer changing with further electrochemical treatment. The voltammograms 
from the steady-state aging process for the bead-blasted electrodes exhibited sharp anodic peaks 
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with higher peak current densities (Figures 3a and 3c) relative to the electrodeposited or polished 
Ni electrodes (Figures 3e and 3g). From these results, it can be inferred that after this aging process 
there is a larger amount of β-NiOOH per Ageo on the bead-blasted samples relative to the planar Ni 
electrodes. This assessment is consistent with the increase in electrode surface area that resulted 
from the bead-blasting process. The planar electrodes of electrodeposited and polished Ni each 
required ~70 and ~80 CV scans, respectively, to achieve a steady-state electrochemical response. 
In contrast, the bead-blasted electrodes required ~100 times more CV scans to achieve the same 
response. Diffusion of electrolyte to all of the surfaces on the bead-blasted electrodes was likely 
hindered by their buried nature, which slowed down the electrochemical transformation. This large 
difference in the number of CV scans required to reach a stable response was likely due to the 
limited mass transfer of fresh electrolyte into the recesses of the highly textured bead-blasted 
surfaces. It is hypothesized that the number of CV scans required for each of the Ni electrodes to 
reach a steady-state was largely dependent on the accessibility of electrolyte to all of the SAf. The 
electrolyte must adequately reach all of the surfaces for transformation to the electrochemically 
active β-NiOOH phase.  
 Shifts in the anodic peak potentials were observed in the CV profiles obtained during the 
steady-state electrochemical aging for the BB-edep and BB-pol electrodes. Anodic peak potentials 
for the bead-blasted electrodes were initially centered at 0.45 V (vs Hg/HgO). After steady-state 
electrochemical aging, the anodic peak potentials shifted to 0.48 V (vs Hg/HgO) (Figures 3a and 
3c). Similar shifts in the anodic peak potentials have been previously reported for Ni electrodes 
aged by either immersion in alkaline electrolyte or by potential cycling across the Ni (II/III) redox 
peak.7, 16, 36, 50 This shift of the anodic peak to higher potentials has been attributed to the structural 
transformation of β-Ni(OH)2 to the β-NiOOH phase as observed by in situ Raman spectroscopy 
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studies of electrodes previously aged in Fe-free 1 M KOH.36 An increase in the amount of the β-
Ni(OH)2 and β-NiOOH present on the surfaces of an electrode will likely decrease the rate of 
electrolyte mass transfer to the reactive interface. A greater impedance associated with this 
electrochemical transformation will result if the newly formed (oxy)hydroxide phases extend 
beneath the outermost surface layers. These impedance effects are likely the cause of the observed 
peak shift (i.e., 0.03 V) for the bead-blasted electrodes. The anodic peak potentials for the planar 
samples of electrodeposited and polished Ni remained at ~0.42 V (vs Hg/HgO) as exhibited in 
Figures 3e and 3g. The absence of an anodic peak shift for these samples was likely due to the 
relatively few CV scans required to reach a steady-state condition. The prolonged electrochemical 
treatment required by the bead-blasted surfaces was, as mentioned above, likely due to the 
increased and buried SAf of these electrodes. The flux of electrolyte to and from these surfaces 
was aided by rotating the electrodes during the aging process. This increased flux improved the 
rate at which the electrode surfaces became electrochemically “aged” since this process requires a 
reaction with the dissolved species in the electrolyte solution. Although a relatively high speed of 
rotation (i.e., 5500 rpm) was utilized in these experiments, it is likely that not all of the buried 
surfaces within the roughened, bead-blasted textures received fresh electrolyte or a consistent flux 
during consecutive scanning by CV.  
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Figure 3. Representative trends for the electrochemical aging of the textured Ni electrodes by 
cyclic voltammetry (CV). The arrow in (a) indicates the trend of the progressive CV profiles. The 
data in the left column is from the steady-state aging sequence, showing every 500th CV scan in 
(a, c) and every 10th CV scan in (e, g). The right column contains data from the limited aging 
sequence, showing every 10th CV scan in (b, d, f, and h). The last CV scan for each sequence is 
indicated by the profiles highlighted in red. The sequences correspond to (a, b) the BB-edep 
electrode, (c, d) the BB-pol electrode, (e, f) the planar Ni electrode with an electrodeposited finish, 
and (g, h) the planar Ni electrode with a polished finish. All data was normalized to the theoretical 
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surface area (SAf). The CV scans were acquired at a scan rate of 100 mV/s in purified 1 M KOH. 
Each electrode was rotated at 5500 rpm for the duration of each sequence of measurements.  
 
3.5 Limited Electrochemical Aging  
 The textured electrodes were also evaluated using a second type of electrochemical aging 
technique. This type of treatment was referred to as the “limited aging” process. In this process, 
each electrode was aged with a set number of CV scans prior to assessing its performance towards 
the OER. The limited aging process conducted 100 sequential CV scans regardless of whether or 
not each electrode had reached a steady-state electrochemical response. As anticipated, a steady-
state response was not achieved for the bead-blasted electrodes (Figures 3b and 3d). Conversely, 
the planar electrodes of electrodeposited or polished Ni were able to reach a steady-state condition 
during the limited aging process (Figures 3f and 3h), but continued CV scanning was performed 
beyond this response. For example, the electrodeposited Ni achieved a stable intensity in their CV 
profile after the 42nd CV scan as observed by its consistent anodic peak. A similar behavior was 
observed for the polished Ni electrode, which reached a stable electrochemical behavior at the 40th 
CV scan. After 10 to 15 CV scans beyond the stable state, the anodic peak broadened, which likely 
indicated a further conversion of β-Ni(OH)2 to β-NiOOH beneath the outermost surfaces of these 
electrodes. Subtle shifts in peak position and distortions to the peak shape can also result from 
variations in the pH at the electrode surfaces.50 The underlying principles of Nernstian 
thermodynamics describe the relationship between the concentrations of Faradaic species, rates of 
the reaction, and the observed potentials for electrochemical reactions.51 Increasing the pH of an 
electrolyte can increase the magnitude of the redox wave for the transformation of Ni (II) to Ni 
(III).52 Since the electrolyte composition and concentration were consistent for all of our 
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experiments, large variations in pH should not play a dominant role in the observed differences of 
the redox properties for the textured surfaces. The limited aging process was applied to each type 
of electrode to assess whether a less uniform coverage of β-NiOOH on the bead-blasted electrodes 
would influence their relative performance towards the OER. In general, the current densities 
calculated for the anodic and cathodic peaks following the limited aging process (~2 to 3 mA/cm2) 
were relatively similar for all four types of Ni electrodes. Since the anodic and cathodic peaks were 
similar in their current densities, it can be inferred that comparable amounts of β-NiOOH were 
present on the surfaces of the electrodes but with varying degrees of coverage.  
 
3.6 Assessment of Performance towards the Oxygen Evolution Reaction  
 Directly after performing either the steady-state or the limited aging treatment, the 
electrodes were assessed for their OER activity. This assessment was conducted through LSV 
measurements acquired at relatively slow scan rates (i.e., 1 mV/s). All current densities shown in 
the LSV plots were normalized against the theoretical SAf for each type of electrode as determined 
from the 3D models of their textured surfaces. Figure 4 contains the LSV responses for each type 
of electrode, which were obtained at both a slow and fast rotational speed (i.e., 1000 and 7000 
rpm). The current density response as a function of applied potential exhibited a consistent trend 
between the different types of electrodes regardless of the rotational speed. Additional LSV 
responses for the electrochemically aged electrodes at other rotational speeds are provided in the 
SI. These analyses enable a direct comparison of the effects of both electrochemical aging and the 




Figure 4. Representative linear sweep voltammetry (LSV) plots acquired at 1 mV/s in 1 M KOH. 
All data has been normalized to the theoretical SAf. Prior to acquiring these LSV plots the 
electrodes were treated by either (a, c) the steady-state aging process or (b, d) the limited aging 
process. The plots in (a) and (b) were acquired while rotating the Ni working electrodes at 1000 
rpm, while the plots in (c) and (d) were acquired at a rotational speed of 7000 rpm.  
 
 The steady-state aging process created electrodes that exhibited lower onset potentials for 
the OER relative to the samples processed by the limited aging treatment. The reaction onset 
potential, also referred to as the overpotential, is a measure of the increase in the applied potential 
needed to drive a reaction beyond the value predicted by purely thermodynamic conditions. This 
onset potential is dependent on the electrochemical conditions (e.g., concentration and temperature 
of the electrolyte) and the type of electrocatalyst used in the reaction (e.g., its elemental 
composition).53 Similar onset potentials to the OER were observed for all electrodes treated by the 
same type of aging technique. The steady-state aging treatment decreased the overpotentials by 
~55 mV (Figures 4a and 4c). A similar reduction in overpotentials has been observed for other 
electrochemically aged Ni electrodes.7 Previous work has calculated turnover frequencies for 
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electrochemically aged Ni to be 23 times higher than for non-aged Ni.7 Godwin et al. concluded 
that the electrochemically aged Ni electrodes were more active due to the transformation of the Ni 
surfaces into the more active β-phase.7 Differences in the performance of the electrodes are, in 
general, inherent to their surface morphology and SAf, as well as to the type of aging process used 
to condition the electrodes. 
The bead-blasted electrodes exhibited a better electrochemical performance after the 
steady-state aging process than the planar samples of polished or electrodeposited Ni as observed 
in the LSV measurements. The trends in the LSV measurements of the electrodes treated by steady-
state aging can be correlated to the relative amount of the active β-NiOOH phase present on the 
surfaces of each type of electrode. The SAf gained from the bead-blasting process is observed in 
the relatively high current densities achieved by these samples. The BB-edep electrode achieved 
the highest current densities of all the samples at potentials beyond 0.9 V (vs Hg/HgO) in the LSV 
plots (Figures 4a and 4c). After the steady-state aging process, the CV scan of the BB-edep 
electrode also showed the highest anodic peak area. The nanoscale grains at the surfaces of the 
BB-edep electrodes may enable an increased diffusion of electrolyte into the buried voids near the 
outermost surfaces of these electrodes (Figure 2). The smaller grains of the BB-edep samples 
relative to the larger grains of the BB-pol samples could also impact the accessible SAf following 
the steady-state aging process. It is possible that hydrophilic channels form within the cracks 
around the Ni grains after their surfaces are covered with β-NiOOH as a result of the steady-state 
aging process. The higher number of grain boundaries in the electrodeposited Ni may have enabled 
the diffusion of more electrolyte into the buried voids of these bead-blasted materials during the 
steady-state aging process. In summary, it is likely that an increase in SAf was associated with the 
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improved performance observed for the electrodeposited bead-blasted samples towards the OER 
as shown in Figure 4.  
The limited aging process resulted in the polished Ni electrodes exhibiting the highest 
current densities at potentials beyond 1.0 V (vs Hg/HgO). The smooth, planar surfaces of the 
polished Ni electrodes prevented oxygen bubbles from being trapped on their surfaces, especially 
when subjected to a high shear flow. The flow of the electrolyte may not uniformly access all of 
the SAf for the other, more textured samples. The flux of electrolyte near the electrode was the 
same for all of the samples, but the efficiency of mass transfer processes to and from all of the Ni 
surfaces was likely different for each type of electrode. The polished Ni electrode experienced the 
highest mass transfer efficiency and, thus, demonstrated much higher current densities for the OER 
at high overpotentials (Figures 4b and 4d). The enhanced performance towards the OER for the 
polished Ni was likely not due to a larger amount of β-NiOOH on their surfaces since the CVs 
from the limited aging treatment did not show substantially greater anodic and cathodic peak areas 
relative to the other samples. Their enhanced OER performance was more likely due to the lack of 
roughness on the surfaces of these electrodes. Interestingly, the planar electrodes of 
electrodeposited Ni had a lower overall performance in comparison to the polished Ni although 
these electrodes had a similar Rf.   
The lower efficiency of the electrodeposited Ni relative to the polished Ni after treatment 
by the limited aging process may likely be a consequence of the nanoscale roughness. This 
nanoscale variation in surface roughness may disrupt the shear flow of electrolyte across their 
surfaces. It is possible that nanoscale bubbles may become pinned to multiple grains on the 
surfaces of the electrodeposited Ni, which would block its SAf and contribute to a reduction in its 
OER performance. The planar electrodeposited Ni performed only slightly better than the bead-
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blasted textures (i.e., BB-edep or BB-pol) at applied potentials greater than 1.0 V (vs Hg/HgO) 
(Figure 4b and 4d). Furthermore, since the limited aging technique allowed CV scanning to 
continue beyond the steady-state (i.e., beyond the 42nd CV scan), it may be possible that there are 
disparities in the type or thickness of active Ni phases present on the electrode surfaces that could 
otherwise impact their electrochemical performance.54 For example, performing CV scanning 
beyond the steady-state response typically resulted in broadening and a shift to a higher anodic 
peak potential. This peak broadening and shift in peak potential may indicate a more resistive 
condition caused by slower rates of mass transfer that result from a thicker and possibly more 
disordered β-NiOOH phase. Non-uniform aging of the nanoscale grains in the electrodeposited Ni 
may also contribute to their lower current densities than observed for the polished Ni. The bead-
blasted electrodes also experienced a non-uniform, inadequate aging by the limited treatment.  
The irregular textures of the bead-blasted electrodes prevented electrolyte from efficiently 
reaching all of the surfaces. The limited aging treatment likely resulted in a non-uniform surface 
coverage of the β-NiOOH phase. At potentials greater than 1.0 V (vs Hg/HgO), both the BB-edep 
and BB-pol electrodes exhibited a lower relative performance when treated by this process. This 
reduced performance could be a result of oxygen bubbles adhering to the recessed surfaces of the 
bead-blasted electrodes, resulting in an ineffective mass transfer. The SAf gained from the bead-
blasting process is underutilized for samples treated by the limited aging process. The LSV 
measurements acquired after steady-state aging indicated a better utilization of the increased SAf 
gained from the bead-blasting process.  
 The electrochemical performance of each of the textured Ni electrodes towards the OER 
was further evaluated by CP measurements obtained at 500 mA/cm2 over a period of 7 min. The 
duration of this experiment was sufficient stabilization of the current response of each type of 
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electrode (Figure 5). Commercial water electrolyzers require electrocatalysts that can sustain 
current densities at or above 500 mA/cm2.21, 54 Hence, an industrially relevant current density of 
500 mA/cm2 with respect to the geometric area was chosen to probe the OER activity in these CP 
measurements. In general, differences in the current densities between the samples were most 
apparent when rotated at lower rotational speeds. At the lower rotational speeds, the samples were 
more hindered by mass transfer, and the influence of electrode morphology was more apparent. 
Periodic oscillations in the data indicate the release of oxygen bubbles from the electrodes.24, 25 
The electrodes treated by steady-state aging exhibited lower potentials in the CP measurements 
and a smaller amplitude in the oscillations of these potentials over time. 
 
 
Figure 5. Representative chronopotentiometry (CP) plots acquired at 500 mA/cm2 in 1 M KOH 
while rotating each electrode at 500 rpm. Prior to the CP measurements, the electrodes in (a, c) 
were aged by the steady-state aging process, while the electrodes in (b, d) were treated by a limited 




During the OER, a higher efficiency for the generation and release of bubbles was observed 
for the electrodes treated by the steady-state aging process. In the CP experiments, these samples 
exhibited lower potentials on average at 500 mA/cm2, as well as a higher frequency and smaller 
amplitude in the oscillations of these potentials (Figures 5a and 5c). These results indicated that 
the steady-state aged samples demonstrated higher rates for both the production and release of 
bubbles. All of the electrodes aged by the steady-state process exhibited a similar character in 
terms of the amplitude of their oscillations during the CP measurements. This similarity in the data 
indicates that these samples had a comparable behavior towards bubble release regardless of their 
nanoscale and/or microscale textured surfaces. The BB-edep and BB-pol samples did, however, 
achieve a lower average potential at 500 mA/cm2 relative to the planar electrodes. These trends in 
performance remained consistent even at higher rotational speeds. In addition, the applied current 
density of 500 mA/cm2 was calculated for each sample based on their Ageo, which resulted in a 
lower current density in practice for the BB-edep and BB-pol samples relative to the planar 
electrodes after accounting for their estimated SAf. For the tested conditions, the bead-blasted 
electrodes exhibited a slightly better performance, operating at ~0.2 V lower than the planar 
electrodes. It is anticipated that a further improvement in performance would have been observed 
for the bead-blasted electrodes if the additional SAf had been accounted for in the CP 
measurements. The samples aged by steady-state techniques also approached the commercially 
relevant potential of ~1.6 V (vs Hg/HgO) at 500 mA/cm2.21 It has been proposed that these targeted 
operating conditions are necessary to meet the requirements of commercial electrolyzers.21, 55 From 
the results of the CP measurements, it can be concluded that steady-state aging is the more 
favorable method for conditioning electrodes with a relatively high SAf, such as the microscale 
textures of the bead-blasted electrodes.  
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For the electrodes treated by the limited aging technique, the polished Ni electrodes 
exhibited the most stable electrochemical response and the lowest potentials in their CP plots. The 
results in Figures 5b and 5d indicated that the polished electrodes had less surface passivation with 
oxygen bubbles while operated at 500 mA/cm2. The electrochemical response of the polished Ni 
electrode also stabilized at the lowest potential at ~1.8 V (vs Hg/HgO), while the other samples 
stabilized at ~2.4 V (vs Hg/HgO). For these limited aging conditions, as stated above, the polished 
Ni electrodes were able to remove oxygen bubbles most efficiently at all of the rotational speeds 
due to their relatively smooth morphology. 
In addition to electrochemical aging of electrodes, the orientation of the electrode is also a 
factor that can influence the accumulation of gas bubbles and, thus, an electrode’s activity for the 
OER. To evaluate the performance of the textured electrodes in alternative orientations, the Ni 
electrodes were held without rotation in a face-up configuration. The samples were each treated 
by the steady-state aging technique. This experimental configuration decreased the flux of 
electrolyte to the electrode surfaces. Each of these samples stabilized at higher potentials in the CP 
measurements than under conditions of an induced shear flow (Figure S23 in the SI). This change 
was attributed to the reduced rates of electrolyte flux and other components of mass transfer. Under 
these conditions, both types of bead-blasted Ni electrodes exhibited an improved performance 
towards the OER in comparison to the planar samples of polished Ni or electrodeposited Ni. For 
example, the bead-blasted electrodes had a higher number of bubble release events per unit time. 
The microscale texture and the high SAf of the bead-blasted electrodes were beneficial for the 
growth and release of gas bubbles. Microscale recessed features have been previously observed to 
exhibit enhanced efficiencies for the OER at high potentials.24, 25 This enhancement has been 
attributed to their ability to promote the generation of relatively small bubbles and to exhibit a 
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higher frequency of bubble release events as indicated by the electrochemical measurements. 
Furthermore, the presence of nanoscale textures on the surfaces of microscale features may add an 
additional enhancement to the mass transfer abilities of a textured electrode.55  
The results from this study highlight the importance of electrochemical aging of Ni 
electrodes for assessing their OER activity, especially for electrodes with textured surfaces. The 
electrochemical aging of Ni electrodes may also better mimic their performance under industrial 
conditions since a more thermodynamically stable state is achieved under these conditions. When 
electrodes are sufficiently aged, their characteristics for electrolyte wetting and gas bubble 
formation likely improve due to a more uniform coating of the β-NiOOH phase on their surfaces.56 
Bead-blasting of Ni electrodes produced a microscale texture that, when aged to a steady-state 
condition, had a higher activity towards the OER than electrodes with a relatively smooth texture. 
These sufficiently aged electrodes exhibited higher current densities (i.e., a gain of 50 mA/cm2 at 
1.1 V vs Hg/HgO) when compared to electrodes treated by a limited aging method. The CP data 
indicated a reduction of 0.7 V in the potential required for the OER at an applied current density 
of 500 mA/cm2 for the electrodes aged by steady-state conditions. In addition, the bead-blasted 
electrodes demonstrated a slightly lower potential response (a decrease of ~ 0.2 V) at 500 mA/cm2 
relative to the planar electrodes of electrodeposited Ni or polished Ni after aging each electrode 
by the steady-state method. These improvements may be a result of the microscale texture, which 
may favor the production of smaller diameter bubbles and a more frequent release of bubbles from 
their surfaces. Furthermore, the presence of nanoscale grains on the surfaces of the BB-edep 
electrodes may enable an improved mass transfer (e.g., diffusion and migration) of reactants and 
products due to a higher number of hydrophilic channels formed at grain boundaries within the 
electrodeposited layer. Additional SAf, which was not detected during the SEM-based analyses, 
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may also contribute to the observed improvements in performance for the bead-blasted samples. 
Bead-blasting increased the SAf by ≥30% at a relatively fast rate (~ 6 cm
2/min) and could be 
applied to large electrodes used in electrocatalytic systems. New electrode surface textures could 
be prepared by further refinement of the bead-blasting parameters (e.g., tuning the composition of 
the particles, acceleration of these particles, and average particle diameter).   
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4. CONCLUSIONS 
Microscale surface textures on Ni electrodes were prepared by a simple, scalable bead-
blasting method. These roughened surface morphologies were assessed for their performance 
towards the OER after performing two distinct types of electrochemical aging. One type of 
electrochemical aging utilized consecutive CV scanning until achieving a “steady-state” for the 
conversion of the Ni surfaces to a β-NiOOH phase. The other type of electrochemical aging was a 
“limited aging” process where only 100 consecutive CV scans were performed regardless of the 
anodic peak stability. In addition to performing either type of electrochemical aging, the 
composition and texture of each electrode were carefully controlled to establish links between their 
performance for the OER and their surface morphology. Three-dimensional models of the textured 
surfaces based on SEM analyses were used to estimate the Rf values and resulting SAf for each 
type of textured electrode. These estimations of the SAf were used to calculate the apparent current 
densities for the electrochemical LSV measurements. The estimated SAf for each type of texture 
aided in correlating their OER performance to their surface morphology. The bead-blasted Ni 
electrodes outperformed the planar Ni electrodes with either a polished finish or a nanoscale 
texture when each of these electrodes were sufficiently aged through a steady-state aging process. 
For example, in the CP measurements the bead-blasted electrodes stabilized at 0.2 V below the 
other types of electrodes at an applied current density of 500 mA/cm2. In contrast, when a limited 
aging method was used the relatively smooth and featureless morphologies (i.e., polished Ni) had 
the highest performance for the OER as observed in both the CP and LSV measurements. These 
results emphasize the importance of assessing the performance of textured electrodes towards the 
OER after sufficiently aging the samples. Highly textured surfaces will likely require prolonged 
aging and can also be hindered by the presence of trapped bubbles in their recessed features. 
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Further studies are warranted to further tune the bead-blasting techniques for creating textured 
electrodes. For example, this process could use smaller diameter particles to enable a scalable 
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